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genetic mouse models with HDL deficiency versus high HDL-cholesterol (10) .
Cellular effects of HDL have been explained by two principal concepts. One model highlights direct and specific interactions between HDL-bound agonists and cellular receptors (11, 12) . The other model emphasizes the importance of HDL-induced cholesterol efflux via ABCA1 and ABCG1, which primarily alter cellular cholesterol homeostasis and, secondarily, cell function and survival (11, 13) . The quantity of cellular cholesterol determines the activity of transcription factors, such as SREBPs and LXRs (14) . The crucial role of both SREBP2 and LXRs as well as their most prominent target genes, namely the LDL receptor and the mentioned ABC transporters, respectively, for cell function and hence glucose homeostasis have been demonstrated in -cell-specific knockout mice (15) (16) (17) (18) . Alterations in the subcellular distribution of cholesterol also modulate the activity of membrane-bound proteins. A recently elaborated example is the interaction of the hedgehog (Hh) signaling molecules Smoothened (SMO) and Patched 1 (PTCH1): Depending on the distribution of cholesterol between the inner and outer leaflets of the plasma membrane, either SMO or its inhibitor PTCH1 is more active (19) . Hh signaling plays an important role in pancreas development as well as regulation of insulin production and cytokine-induced apoptosis of -cells (20, 21) .
In the present study, we aimed to unravel the mechanism by which native HDL as well as mimetics of HDL, such as CSL-111, which was previously found to improve glycemia in diabetic patients (22) , inhibit ER stress and subsequent apoptosis of pancreatic -cells induced by TG, which is a sarco/ER Ca 2+ -ATPase inhibitor that induces ER calcium depletion (23, 24) . By using the rat insulinoma cell line INS1e, we show that the cytoprotective effect of HDL in -cells involves the generation and efflux of specific oxysterols by cytochrome P450 (CYP) enzymes and ABC transporters, respectively, and the subsequent activation of SMO by these oxysterols to elicit the nuclear translocation of its downstream target, namely, glioma-associated oncogene (GLI-1), a member of the zinc-finger protein family (25) .
MATERIALS AND METHODS

Cell culture
Rat pancreatic -cell line INS1es (26) , generated and provided by Prof. C. Wollheim (27) , were cultured in RPMI-1640 medium (R8758-500ML, Sigma-Aldrich, St-Louis, USA) with 5% fetal bovine serum (F7524, Sigma-Aldrich), 100U/ml of penicillin and 100ug/ml streptomycin (P0781, Sigma-Aldrich), 1 mM Sodium Pyruvate (S8636-100ML, Sigma-Aldrich), 10 mM HEPES Buffer (H0887, Sigma-Aldrich) and 0.0004% 2-Mercaptoethanol (Fluka 63689, Fluka, Steinheim, Germany) at 37°C in a humidified 5% CO 2 , 95% air incubator.
Isolation of LDL and HDL and preparation of reconstituted HDL
LDL (1.006 < d < 1.063 g/ml) and HDL (1.063 < d < 1.21 g/ml) were isolated from fresh human plasma of normolipidemic blood donors by sequential ultracentrifugation as described previously (28, 29) . ApoA-I was isolated from HDL by fast-performance LC (FPLC) (30) . For functional validation of our candidate lipids, reconstituted HDLs (rHDLs) were produced by the use of the cholate dialysis method (31, 32) . rHDLs consist of apoA-I and dioleoyl phosphatidylcholine (DOPC; 850375; Avanti Polar Lipids) in a molar ratio of 1:100 with or without the sterol of interest. The 7-hydroxycholesterol (OHC) (Avanti Polar Lipids; 700034), 7-OHC (Avanti Polar Lipids; 700035), 24(R,S)-OHC (Sigma; #SML1648), or 25-OHC (Avanti Polar Lipids; 700019) were included at two different molar ratios relative to apoA-I, namely, 0.01 and 0.001, which mimic the lower and upper concentration range of oxysterols in HDL. Cholesterol (Sigma; C8667) was included at three different molar ratios relative to apoA-I, which either reflect the situation in native HDL (10) or mimic the concentrations of oxysterols (0.01 and 0.001). CSL-111, was kindly provided by CSL Behring (King of Prussia, PA). This HDL mimetic contains an apoA-I-rich plasma protein fraction and phosphatidylcholine derived from soybean. It is the prototype version of CSL-112 developed for the treatment of atherosclerotic cardiovascular disease (33, 34) . Interestingly, infusion of CSL-111 was previously shown to improve glycemia in patients with diabetes (22) .
siRNA transfection
Abca1 (M-092371-01-0005), Smo (L-089918-02-0005), Ptch1 (L-095232-02-0005), Indian Hh (Ihh) (L-084006-02-0005), Cyp46a1 (L-10000-02-0010), and Ch25h (#L-085924-02-0010) were silenced by forward transfection with Dharmacon ON-TARGETplus siRNA oligonucleotides (Dharmacon, Lafayette, CO). D-001810-10-05 was used as the nonsilencing control. Microsynth siRNA oligonucleotides were used to target scavenger receptor BI (Scarb1) (5′-GCA GCA GGU GCU CAA GAA U dTdT-3′) and Abcg1 (5′-UGA AUA UUC UGG CGG GAU A dTdT-3′) with 5′-AGA GCU UAU CCC UCG GUU GUG UCG U dTdT-3′ as the nonsilencing control. Ambion Silencer Select and Life Technologies siRNA oligonucleotides were used to target 24 dehydrocholesterol reductase (Dhcr24) (s151265) and nonsilencing control (4390843). All siRNAs were used at a final concentration of 20 nmol/l using Lipofectamine RNAiMAX transfection reagent (13778150; Invitrogen, Carlsbad, CA) in an antibiotic-free medium according to the manufacturers' instructions. The efficiency of knockdowns was determined by Western blot or real-time PCR using TATA-binding protein (TBP) and Rn18s expression levels as loading control and references, respectively.
Apoptosis assays
INS1e cells were plated in 96-well plates (2.5 × 10 4 cells per well) for the free nucleosome assay and in 24-well plates (2 × 10 5 cells per well) for the caspase-3 activity assay. Cells were cultured for 2 days and treated with 100 nM and 50 nM TG (T9033; Sigma-Aldrich) for 4 and 16 h, respectively, in the presence or absence of 50 g/ml native HDL, 25 g/ml CSL-111, or 20 g/ ml rHDL. Cell death was recorded by measuring free nucleosomes with the Cell Death ELISA (#11920685001; Roche) and Caspase-3 Fluorimetric Assay kit (#CASP3F; Sigma). For fluorescence-activated cell sorting (FACS) experiments, cells were detached with Accutase (A6964; Sigma-Aldrich) and resuspended in FACS buffer containing 0.01 M HEPES (pH 7.4), 0.14 M NaCl, and 2.5 mM CaCl 2 at the end of the incubation period. Then, cells were stained with annexin V labeled with Alexa-Fluor 647 (BioLegend, San Diego CA) and propidium iodide (US Biological, Swampscott, MA) and analyzed in a CyAn ADP flow cytometer (Beckman-Coulter, Brea CA). Data were analyzed using Flowing Software version 2. Early apoptotic cells were defined as Annexin V positive and propidium iodine negative and late apoptotic cell were defined as annexin V-positive and propidium iodide-positive. Where indicated, cells were pretreated for 30 min at 37°C with 20 M cyclopamine (#1623; Tocris, Bristol, UK) following TG and HDL treatment or with 
Measurement of sterols
Cholesterol, noncholesterol sterols and oxysterols were quantified in both cells and media. The trimethylsilylated sterol and di-trimethylsilylated oxysterol ethers were separated by gas chromatography (GC). Cholesterol was detected by less sensitive but specific flame-ionization detection (FID) (5-cholestane, internal standard, ISTD), the noncholesterol sterols (epicoprostanol, ISTD) and the oxysterols ( 2 H x -oxysterols, ISTD) by highly specific and highly sensitive mass spectrometry in the selected ion monitoring mode (MS-SIM) as described in detail previously (35, 36) .
Western blotting
INS1e cells were lysed in RIPA buffer [10 mmol/l Tris (pH 7.4), 150 mmol/l NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, and protease inhibitors (11836153001; Roche)]. For fractionation, INS1e cells (5 million cells seeded on a 10 cm plate and followed by the same treatment as described before) were lysed in 500 l of fractionation buffer [20 mM HEPES (pH 7.4), 10 mM KCl, 2 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and protease inhibitors (11836153001; Roche)] and incubated for 15 min on ice. After that, lysates were passed through a 27 gauge needle 10 times and left on ice for 20 min. The lysates were centrifuged at 720 g for 5 min. The supernatants were stored as cytoplasmic fraction. Nuclear pellets were washed with 500 l of fractionation buffer and passed through a 25 gauge needle 10 times. They were centrifuged again at 720 g for 10 min and the pellet was stored as a nucleic fraction. Equal amounts of protein were separated on SDS-PAGE and trans-blotted onto PVDF membrane (10600023; GE Healthcare, Munich, Germany). Membranes were blocked in appropriate blocking buffer recommended for the antibody (PBS-T supplemented with 5% milk or BSA) and incubated overnight on a shaker at 4°C with primary antibodies at a dilution of 1:1,000 in the same blocking buffer. Membranes were incubated for 1 h with HRP-conjugated secondary antibody (Dako) in blocking buffer at a dilution of 1:2,500. Membranes were further incubated with chemiluminescence substrate for 1 min (34577; Thermo Scientific) and imaged using Fusion Fx (Vilber, Marne-la-Vallée, France). Antibodies were used for immunodetection of ABCA1 (ab18180, Abcam, Cambridge, UK), ABCG1 (ab52617, Abcam), SR-BI (NB400-131, Novus Biologicals, Centennial, CO) and GLI-1 (2534S, Cell Signalling Technology, Leiden, The Netherlands), TBP (ab51841, Abcam), or -Tubulin (T9026, Sigma).
Statistical analysis
The data sets for all validation experiments were analyzed using the GraphPad Prism 8 software. Comparison between groups was performed using one-way ANOVA coupled with Tukey's test for multiple comparisons. The data were obtained from at least three independent experiments, performed in triplicates or quadruplets. Values are expressed as mean ± SD. P < 0.05 was regarded as significant.
RESULTS
HDL protects INS1e cells from TG-induced cell death and ER-stress
We tested the ability of HDL to inhibit the apoptosis of INS1e cells as induced by TG that was previously shown to induce ER stress and apoptosis in mouse insulinoma 6 (Min6) cells and human islets (7, 23) . INS1e cells were stimulated with 50 nM of TG to induce ER stress-dependent apoptosis and incubated with increasing dosages of native HDL for 16 h. TG-induced apoptosis was reduced dose dependently by HDL; half-maximal inhibition was recorded at a concentration of 50 g/ml HDL (supplemental Fig. S1A -D). The cells were treated with 100 nM or 50 nM of TG for 4 or 16 h in the presence or absence of 50 g/ml native HDL or 25 g/ml CSL-111, an artificial rHDL, which contains an apoA-I-rich human plasma protein fraction and soybean phosphatidylcholine, which mimics several functions of physiological HDL (33) and which was previously found to improve glycemia (22) . For either time point, both HDL and CSL-111 reduced the apoptosis of INS1e cells, independently of whether apoptosis was recorded as free nucleosomes or caspase-3 activity ( Fig. 1A-D) . Interestingly, lipid-free apoA-I did not inhibit TG-induced apoptosis (supplemental Fig. S2 ).
HDL inhibited the various components of ER stress by different time kinetics: During 4 h incubation, TG increased Xbp1 splicing as well as the expression of Atf4 and Chop. HDL and CSL-111 abrogated Xbp1 splicing but had either no effect (HDL) or increasing effects (CSL-111) on the expression of Atf4 and Chop ( Fig. 2A-C) . By contrast, during the 16 h incubation with INS1e cells, TG did not alter Xbp1 splicing but increased the expression of Atf4 and Chop, and this effect was mitigated by both HDL and CSL-111 ( Fig. 2D-F ). Taken together, HDL and CSL-111 inhibit ER stress of INS1e cells. 
HDL anti-apoptotic activity is related to cellular cholesterol homeostasis
We next investigated the contribution of cholesterol homeostasis to the protective effects of HDL. To this end, we interfered with either the synthesis or the efflux of cholesterol. Potential candidates (Dhcr14, Abca1, and Abcg1 as well as Scarb1) were silenced with siRNA transfection. Knockdown of the candidates was 70% for Dhcr24, 95% for ABCA1 and ABCG1, and 75% for SR-BI (supplemental Figs. S3A, S4). Forty-eight hours after transfection, the cells were treated with TG for 4 h in the presence or absence of HDL or CSL-111. The knockdown of Dhcr24, encoding the last enzyme of the cholesterol synthesis pathway, escalated TG-induced cell death and abolished the anti-apoptotic activities of both HDL and CSL-111 (supplemental Fig. S3B ). Likewise, the pharmacological inhibition of cholesterol synthesis by mevastatin reduced the anti-apoptotic activities of HDL and CSL-111 (supplemental Fig. S3C ). Knockdown of Abcg1 and Abca1, but not Scarb1, increased TG-induced cell death 3-fold and abolished or mitigated the anti-apoptotic activities of HDL and CSL-111 ( Fig. 3A-C) .
Sterols are differentially effluxed by HDL from INS1e cells
Apparently, the anti-apoptotic activity of HDL and CSL-111 depends on the presence and mobilization of cholesterol or its derivatives. To unravel any specific sterols produced and released by INS1e cells in response to TG and/or HDL, we incubated INS1e cells with CSL-111 for 16 h. We collected media and cell pellets for the measurement of sterols by GC-MS. In both the presence and absence of TG, CSL-111 significantly increased the amount of 7-OHC, 7-OHC, 24-OHC, and 25-OHC in cell culture media ( Fig. 4F-I) and decreased the cellular content in 7-OHC and 24-OHC (supplemental Fig. S5G, H) . However, CSL-111 promoted net cholesterol efflux into the medium only in the absence of TG (Fig. 4D ). Cellular desmosterol, cholesterol, and cholestanol were also dimin-ished by CSL-111 treatment both in the presence and absence of TG (supplemental Fig. S5C -E). In the presence of CSL-111, the amounts of lanosterol and lathosterol increased in both cellular and extracellular fractions ( Fig. 4A, B ; supplemental Fig. S5A, B ). Altogether, these results show that HDL preferentially facilitates efflux of oxysterols from INS1e cells under ER stress.
The anti-apoptotic activity of HDL depends on oxysterols
We next examined whether supplementation with oxysterols or cholesterol improves the anti-apoptotic activities Fig. 3 . The anti-apoptotic activity of HDL depends on ABCA1-and ABCG1-dependent cholesterol efflux. INS1e cells were transfected with specific siRNA against Abca1 (A), Abcg1 (B), Scarb1 (C), or with nonsilencing siRNA (Scrambled). After 48 h of transfection, the cells were treated with 100 nM of TG and incubated with native HDL or CSL-111 for 4 h. Cell death was recorded by the use of the free nucleosomes assay. Data are presented as the mean ± SD of three independent experiments, which were analyzed by one-way ANOVA coupled with Tukey's test for multiple comparisons in groups of Scrambled and knockdown conditions, respectively. ***P  0.001, **P  0.01, *P  0.05. 5 . Supplementation with 24-OHC, 25-OHC, or cholesterol enhances apoptosis inhibition by rHDL. rHDLs were supplemented with the indicated oxysterols at two different molar ratios relative to apoA-I, namely 0.01 and 0.001, representing the concentration range observed in the efflux experiment described in Fig. 4 . Cholesterol was added at three different molar ratios relative to apoA-I, namely 10 representing the situation in native HDL as well as 0.01 and 0.001 like the oxysterols. INS1e cells were treated with 100 nM of TG and incubated with 20 g/ml rHDL /+ oxysterols for 4 h. Cell death was recorded via free nucleosomes assay. Data are presented as mean±SD of 3 independent experiments and analyzed by one-way ANOVA coupled with Tukey's test for multiple comparisons of rHDL ± oxysterols against rHDL. ***P  0.001, **P  0.01, *P  0.05. of initially sterol-free rHDL. We used the cholate dialysis method to generate rHDL consisting of apoA-I and DOPC in a molar ratio of 1:100 with or without the sterol of interest. The respective candidate sterols are included in rHDL at different amounts, which reflects their physiological concentrations in native HDL. Addition of very low amounts of 24-OHC and 25-OHC improved rHDL's anti-apoptotic activities (Fig. 5) . The same was observed for cholesterol ( Fig. 5 ). Interestingly, supplementation of rHDL with 7-OHC and 7-OHC did not improve the anti-apoptotic activity of rHDL (supplemental Fig. S6 ).
Oxysterols are produced from cholesterol, either by enzymes of the CYP superfamily or by reactive oxygen species. INS1e cells express 24-OHC producing cholesterol 24-hydroxylase (Cyp46a1) strongly, the 25-OHC generating cholesterol 25-hydroxylase (Ch25h) to little extent, and the 7-OHC generating cholesterol 7-hydroxylase (Cyp7a1) at very low amounts. We therefore focused the RNA interference experiments on Cyp46a1 and Ch25h. Knockdown efficiency of Cyp46a1 and Ch25h was 71% and 85%, respectively (supplemental Fig. S7 ). Forty-eight hours after siRNA transfection, the cells were incubated with TG for 4 h in the presence or absence of HDL or rHDL. Both silencing of Cyp46a1 and Ch25h boosted TG-induced -cell death (Fig. 6A, B) . The survival-promoting effect of native HDL was completely abolished under either condition, whereas rHDL was able to reduce apoptosis upon Ch25h knockdown but not Cyp46a1 knockdown (Fig. 6A, B) .
Taken together, the data indicate the importance of oxysterols, either produced endogenously by the cells or provided exogenously with HDL, for the anti-apoptotic activity of HDL toward INS1e cells.
We next investigated to determine whether supplementation with oxysterols can restore the ability of rHDL to prevent -cell death of cells in which oxysterol generation and efflux were compromised by the knockdown of Cyp46a1, Ch25h, or Abcg1, respectively. As shown before for HDL and CSL-111 (Figs. 3B, 6A) , the knockdown of either Cyp46a1, Ch25h, or Abcg1 increased the apoptotic effect of TG and dramatically decreased the anti-apoptotic effect of rHDL ( Fig. 7A-C, respectively) . The addition of 24-OHC, 25-OHC, or cholesterol completely rescued the anti-apoptotic activity of rHDL in the absence of Abcg1 (Fig. 7C) or Ch25h (Fig. 7B ) but only to a lesser extent in the absence of Cyp46a1 (Fig. 7A ). Because oxysterols can activate LXR, we wondered whether the synthetic LXR agonist, T0901317, could prevent the increase in cell death elicited by silencing of Cyp46a1 or Ch25h. Pretreatment of INS1e cells with LXR agonist T0901317 did not change cell death under basal or ER stress conditions (supplemental Fig. S8 ).
Altogether, our data show that the anti-apoptotic activity of HDL requires the mobilization of specific oxysterols by ABCG1 or ABCA1.
HDL anti-apoptotic activity depends on Hh signaling
Hh signaling was previously shown to protect INS1e cells from cytokine-induced cell death (20) . Moreover, cholesterol and oxysterols are known to regulate the activity of SMO, either by modulating the interaction with its inhibitor, PTCH1, or by direct activation (19, 37) . Therefore, we investigated the contribution of Hh signaling to the anti-apoptotic function of HDL. In a first step, we silenced key players of Hh signaling with siRNAs against Ptch1, Smo, and Ihh prior to TG treatment. The knockdown efficiencies were 82% for Smo, 70% for Ptch1, and 72% for Ihh (supplemental Fig. S9 ). Forty-eight hours after transfection, the cells were treated with TG for 4 or 16 h in the presence or absence of HDL or CSL-111. The anti-apoptotic effect of both native HDL and CSL-111 was significantly blunted by the RNA interference with Smo (Fig. 8A,  supplemental Fig. S10A ) but not by interference with Ptch1 or Ihh (supplemental Fig. S11A-D) . We further tested the contribution of SMO to the anti-apoptotic activity of HDL by pharmacological inhibition. Preincubation of INS1e cells with the SMO inhibitor, cyclopamine, for 30 min significantly abrogated the inhibitory effects of both HDL and CSL-111 on the appearance of free nucleosomes, i.e., markers of apoptosis ( Fig. 8B) as well as Chop and Atf4 expression, i.e., markers of ER stress (Fig. 8C S10D). Of note, SMO inhibition further increased -cell death (supplemental Fig. S10A-C) .
Interestingly, like HDL, the synthetic 20(S)-OHC and SAG decreased TG-induced apoptosis ( Fig. 9A and B , respectively) and both 20(S)-OHC and SAG rescued Cyp46a1-or Abcg1-induced -cell death (Fig. 9C, D) .
Activated SMO elicits its downstream signals by inducing the translocation of the mature transcription factor GLI-1 from the tip of the cilium into the nucleus (25) . We therefore investigated to determine whether TG, HDL, and oxysterols modulate Hh signaling. INS1e cells were treated with 100 nM of TG and incubated with native HDL or rHDL in the absence or presence of sterols (24-OHC, 25-OHC, and cholesterol) for 4 h. Cells were fractionated into cytoplasmic and nuclear fractions and the fractions were immunoblotted with anti-GLI1, anti-TBP, and anti--tubulin. TG treatment decreased the nuclear abundance of GLI-1. Interestingly, native HDL as well as rHDL supplemented with oxysterols but not sterol-free rHDL restored the abundance of GLI-1 in the nucleus (Fig. 10A and B, respectively) .
LDLs contain oxysterols as well (38, 39) . Therefore, we tested to determine whether LDL had similar anti-apoptotic effects in our model. We treated the cells with 25 g/ml HDL or LDL or both. LDL reduced apoptosis as much as HDL. The combined treatment with LDL and HDL further increased the anti-apoptotic activity (Fig. 11A) . The oxysterol levels of the two preparations of HDL and LDL used in these experiments are shown in supplemental Table S1. Standardized per milligram of protein, LDL contains nearly 3-fold more 24-OHC and nearly 9-fold more 25-OHC than HDL. Finally, we investigated to determine whether the anti-apoptotic effect of LDL also depends on Hh signaling. SMO inhibition via siRNA knockdown (Fig. 11B ) or cyclopamine treatment for 4 h (Fig. 11C ) and 16 h (Fig. 11D ) abrogated the inhibitory effects of both HDL and LDL.
DISCUSSION
We here investigated the mechanism by which HDL protects pancreatic -cells from TG-induced ER stress and apoptosis. By integrating data from lipidomics and targeted experiments using RNA interference or pharmacological agents, we found a complex mechanism that involves the generation and mobilization of oxysterols by specific CYP enzymes and ABC transporters, respectively, and the sterolmediated activation of the Hh signaling receptor SMO (Fig. 12) . Fig. 6 . Interference with oxysterol synthesizing CYP enzymes prevents inhibition of -cell apoptosis by HDL. INS1e cells were transfected with specific siRNA against Cyp46a1 (A), Ch25h (B), or with nonsilencing siRNA (Scrambled). After 48 h of transfection, the cells were treated with 100 nM of TG and incubated with HDL or CSL-111 for 4 h. Cell death was recorded by using the free nucleosomes assay (A, B). Data are represented as the mean ± SD of three independent experiments, which were analyzed by one-way ANOVA coupled with Tukey's test for multiple comparisons in groups of Scrambled and knockdown conditions, respectively. ***P  0.001, **P  0.01, *P  0.05. Fig. 7 . Oxysterol supplementation rescues -cell death induced by lack of CYP46A1, CH25H, or ABCG1. INS1e cells were transfected with specific siRNA against Cyp46a1 (A), Ch25h (B), Abcg1 (C), or with nonsilencing siRNA (Scrambled). After 48 h of transfection, the cells were treated with 100 nM of TG and incubated with rHDL ± 24-OHC, 25-OHC, or cholesterol for 4 h. Cell death was recorded by the use of the free nucleosomes assay. Data are represented as the mean ± SD of three independent experiments, which were analyzed by one-way ANOVA coupled with Tukey's test for multiple comparisons in groups of Scrambled and knockdown conditions, respectively. ***P  0.001, **P  0.01, *P  0.05. Several previous observations highlight the importance of cellular cholesterol homeostasis in -cells for the control of glucose levels in blood and hence protection against diabetes. LDL-cholesterol lowering with statins as well as low activity alleles of the HMGCR and PCSK9 genes were reported to increase the risk of diabetes (40) (41) (42) . Conversely, the prevalence of diabetes was found to be lower in patients with familial hypercholesterolemia compared with their unaffected relatives (43) . In mice, the knockout of Abca1 or Abcg1 in pancreatic -cells was found to cause the accumulation of cellular cholesterol and impairment of glucose tolerance (15) (16) (17) (18) . Mechanistically, these findings were mainly linked to impaired -cell function, namely insulin secretion. Cholesterol regulates the activity of glucose transporter, glucokinase, and L-type voltage-gated Ca 2+ channels as well as K+ ATP channels by determining lipid rafts and membrane fluidity (44) .
Several laboratories provided data indicating that overload of the ER, mitochondria, or plasma membrane with cholesterol also limits the survival of pancreatic -cells (35) . Excess cholesterol in ER membranes induces the depletion of calcium stores and subsequent ER stress and apoptosis (45) . In mitochondrial membranes, excess cholesterol promotes the release of cytochrome C and hence apoptosis (46, 47) . In the plasma membrane, excess cholesterol provokes the generation of reactive oxygen species, which activate apoptosis-inducing kinases such as p38 MAPK and JNK, cause mitochondrial stress, and lead to cellular apoptosis via depletion of antioxidants (48) . In agreement with the damaging potential of cholesterol, we found that apoptosis increased upon knockdown of ABC transporters and was prevented by HDL-induced cholesterol efflux (Figs. 3, 7, 9) . Also, in macrophages or endothelial cells, the impairment of ABCA1-or ABCG1-mediated cholesterol efflux was found to promote cell death (49, 50) . However, in contrast to a damaging effect of cholesterol, in our study, the inhibition of cholesterol synthesis by statin treatment or RNA interference with Dhcr24 boosted -cell apoptosis significantly and inhibited the anti-apoptotic function of HDL. Also in other cell types, statin treatment was found to induce apoptosis (51) (52) (53) (54) . It thus appears that the cellular distribution, metabolism, or transport of cholesterol rather than its global cellular concentration limits the survival of INS1e cells and other cells.
Indeed, we here showed that HDL inhibits ER stressinduced apoptosis of INS1e cells by transporting and mobilizing specific oxysterols. The interference with CYP enzymes producing 24-OHC or 25-OHC elevated TGinduced apoptosis and diminished the anti-apoptotic activities of HDL and CSL-111 ( Fig. 5 ). Even more so, also in the absence of HDL, we observed a dramatic increase in TG-induced apoptosis upon silencing of Cyp46a1 and Ch25h. Conversely, the anti-apoptotic activity of rHDL was enhanced by its supplementation with 24-OHC or 25-OHC (Fig. 6 ). In fact, oxysterols carried not only by HDL but also by LDL ( Fig. 11 ) appear to lend anti-apoptotic activities to these lipoproteins Previous studies reported both pro-and anti-apoptotic effects of 24-OHC (55) (56) (57) (58) (59) . Possibly, the discrepant findings are due to differences in concentrations (micromolar vs. nanomolar) or the origin (endogenously produced vs. exogenously supplied) of the oxysterol in the various cell culture models. Of note, the addition of 24-OHC, 25-OHC, or cholesterol rescued the anti-apoptotic activity of rHDL more profoundly in the absence of ABCG1 than in the absence of CYP46A1 (Fig. 7A, C) . Also of note, in the absence of oxysterols, rHDL was able to reduce the enhanced apoptosis upon silencing of Ch25h but not upon silencing of Cyp46a1 (Fig. 7B, C) . This suggests that downstream metabolites of 24-OHC are more potent inhibitors of apoptosis than 24-OHC itself. Possible candidates are di-or trihydroxylated 24-hydroxysterols or cholestenoic acids formed by CYP39A1, HSD3B7, and CYP27A1 (60) .
In view of their anti-apoptotic effects, it is important to note that not only 24-OHC and 25-OHC but also 7-OHC or 7-OHC were more effectively effluxed by CSL-111 than cholesterol both in the presence or absence of TG, i.e., with or without ER stress (Fig. 4) . In fact, CSL-111 promoted net cholesterol efflux into the medium only in the absence of the ER stress inducer TG (Fig. 4C) . Also, in neuronal cells, 24-OHC was found to be effluxed efficiently by HDL in an ABCA1-dependent manner (50) . The lipid-free apoA-I did not have any effect on apoptosis in our experiments (supplemental Fig. S2) ; likewise, apoA-I did not mediate any efflux of 24-OHC from neuronal cells (61) . Also of note, ABCG1 knockout mice showed a prominent accumulation of 24-OHC, 25-OHC, and 27-OHC in the lung tissue (51) . In ABCG1-overexpressing cells, these oxysterols with hydroxyl groups at the terminal end were effluxed more efficiently than oxysterols with hydroxylated C-atoms in the ring structure (62) .
Oxysterols are known to act through G protein-coupled receptors, such as G protein-coupled receptor 183 (EBI2) and SMO, or nuclear receptors, such as LXR, retinoic acid receptor-related orphan receptor, or estrogen receptor  (NR3A1) (63) . LXR regulates the expression of ABC transporters like ABCA1 and ABCG1 (64) . Treatment with an LXR agonist did not show any anti-apoptotic activity either in basal conditions or after inhibition of CYP enyzmes (supplemental Fig. S8 ). Thereby, we ruled out that antiapoptotic activities of oxysterols are due to LXR activation and subsequent elevation of Abca1 or Abcg1 gene expression. We rather provide evidence that oxysterols contained or mobilized by HDL target the Hh signaling receptor SMO to exert anti-apoptotic signaling. Interestingly, Hh signaling was previously shown to protect -cells from cytokine-induced toxicity by a mechanism that is activated by the Indian or Sonic Hh proteins, IHH and SHH (20) . By contrast, we showed that SMO, but not its activator IHH or its inhibitor PTCH1, contributed to apoptosis protection in our ER stress-induced cell culture model. Indeed, the anti-apoptotic and ER stress-releasing activities of HDL were abrogated by both RNA interference with Smo and pharmacological inhibition of SMO with cyclopamine ( Fig. 8) but not by interference with Ptch1 or Ihh (supplemental Fig. S10 ). Interestingly, SMO agonists such as SAG or 20(S)-OHC significantly reduced TG-induced apoptosis and rescued cell death induced by Cyp46a1 or 502 Journal of Lipid Research Volume 61, 2020
Abcg1 interference similar to oxysterol supplementation of rHDL ( Fig. 9 ). Also in agreement with the involvement of Hh signaling in the anti-apoptotic effects of HDL, the translocation of GLI-1, i.e., the transcription factor activated by SMO, into the nucleus (65) was decreased by ER stress but restored by both native HDL and rHDL supplemented with oxysterols ( Fig. 10 ).
Our study does not definitely resolve the mechanism by which oxysterols contained or mobilized by lipoproteins regulate SMO activity and thereby prevent ER stressinduced apoptosis. In general, sterols have been described to regulate Hh signaling by two distinct mechanisms (66) . On the one hand, oxysterols directly activate SMO. On the other hand, lateral distribution of sterols in the plasma membrane was found to be crucial for the relative activity of SMO and its inhibitor PTCH1. Cholesterol or specific oxysterols such as 20-OHC, 24-OHC, and 25-OHC, but not 7-OHC and 19-OHC, are required for Hh signaling through SMO in medulloblastoma cells (67) (68) (69) . The effects of 20-OHC were shown to be stereoselective and to synergize with the allosteric agonist SAG (70) . The site of hydroxylation on the cholesterol backbone correlates with oxysterol activity. Activating oxysterols are hydroxylated on the flexible cholesterol chain, whereas nonactivating ones, such as 7-and 19-OHC, are hydroxylated on the four-ring core of cholesterol (67) . In accordance with this specificity, in our hands the supplementation with 7-OHC or 7-OHC did not enhance the ability of rHDL to inhibit TG-induced apoptosis (supplemental Fig. S6 ). In addition to direct binding of oxysterols to the cysteine-rich domain of SMO (71) , it was also reported that cholesterol is an endogenous activator of Hh signaling, driving a conformational change of SMO (37) . Depending on the distribution of cholesterol between the inner and outer leaflets of the plasma membrane, either SMO or its inhibitor PTCH1 are more active (19) . Because ABC transporters including ABCA1 and ABCG1 are floppases (72), we cannot rule out that HDL, LDL, or ABC transporters modulate Hh signaling by modulating the distribution of cholesterol between the leaflets of the plasma membrane. However, this will not explain the specific effects of 24-OHC and CYP46A1 on ER stress and apoptosis.
In conclusion, we have here shown a novel interaction between HDL-mediated sterol mobilization and Hh signaling. Our findings are limited by the use of an artificial cell culture system and a nonphysiological stimulus of ER stress and apoptosis. Hence, it will be important to test whether this mechanism is also operative upon provocation of ER stress by more physiological stimuli in primary cells and, ultimately, in vivo. If so, the crucial role of HDL in sterol efflux as well as the ubiquitous abundance of Hh signaling and its multiple cellular processes, such as differentiation, raise the question of whether other cellular activities of HDL involve modulation of Hh signaling. With respect to diabetes, it will be interesting to see whether transdifferentiation of islet-cells into -cells (73) is modulated by HDL.
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